Abstract-This paper presents a design of perforated nanoantenna reflectarray. The use of metallic nanostructures made of Silver and/or Gold at appropriate wavelength cause fascinating unusual electromagnetic effects. Reflectarray consists of an array of unit cell made from Silver is investigated. The effect of the number of perforated holes in the unit cell configurations is investigated for proper reflection coefficient phase compensation. A linearly polarized pyramidal nanohorn is used to feed the perforated nanoantenna reflectarray. The radiation characteristics of 9 × 9 perforated nanoantenna reflectarray are illustrated. A high gain of 20.5 dB is obtained at the designed frequency of 735 THz. A comparison between solid Silver sheet with no perforation holes and the proposed perforated reflectarray is explained.
INTRODUCTION
Reflectarray antennas have received considerable attention over the years and are quickly finding many applications. Reflectarray antennas combine the same features of parabolic reflectors and phased arrays providing a directive beam in a desired scanned angle. The most important advantages of reflectarrays over phased arrays are the elimination of complexity and losses of the feeding network and the higher efficiency [1] [2] [3] [4] . The reflectarray consists of an array of unitcells illuminated by a primary feed. Each unit-cell is designed in such a way to correct the phase of the incident wave as is done in the traditional parabolic reflector. In reflectarrays, the phase of the reflected field from each element is adjusted so that the main beam can be directed to a desired direction. Several reflectarray approaches are proposed to control the reflection phase in the literature [5] . For example, one is to use identical microstrip patches with differentlength phase-delay lines attached so that they can compensate for the phase delays over the different paths from the illuminating feed. The other is to use variable-size patches, dipoles, or rings so that elements can have different scattering impedances and, thus, different phases to compensate for the different feed-path delays. To overcome the shortcoming of narrow bandwidth of the reflectarray, dual-band multilayer reflectarrays using variable patch size, annular rings, and crossed dipoles are being developed [6] [7] [8] .
Generally, conventional antennas act as a source and transformer of electromagnetic (EM) radiation at radio frequencies (RF) and microwaves, resulting in their sizes being comparable with the operational wavelength.
Recent success in the fabrication of nanoscale elements allows bringing the concept of the RF antennas to optics, leading to the development of optical nanoantennas [9] . Nanoantennas are metal nanostructures used to enhance, confine, receive, and transmit optical fields [10] .
Nanoantenna is one of the most developing in plasmonics due to their ability to overcome the size and impedance mismatch between subwavelength emitters and free space radiation [11] . The ability to redirect propagating radiation and transfer it into localized subwavelength modes at the nanoscale makes the optical nanoantennas highly desirable for many applications. Several applications of nanoantennas have been used such as spectroscopy and high resolution near-field microscopy [9] , subwavelength light confinement and enhancement [12] , photovoltaic [13] , sensing [14] , molecular response enhancement [15] , non-classical light emission [16] , and communication [17] . Different nanoantennas have been investigated in the literature. By far, research in this nanoantennas field has utilized the coinage metals, Gold, Copper, and Silver, yet many potential commercial applications would be optimally realized by inexpensive plasmonic materials compatible with either high-technology or high-throughput manufacturing methods. Recently, a method of realizing nanoantennas reflectarray system at optical frequencies by using nanoparticles of concentric structures with cores made of ordinary dielectrics and shell of plasmonic materials has been suggested in [18] . The scattering resonance of these concentric structures can be tailored at different wavelength range by adjusting the core and shell radii or the material properties. Later, the perforated technique was used in the dielectric Fresnel lens design to obtain proper phase compensation and gain enhancement [19] . The technique of perforating a dielectric sheet eliminates the need to position and bond individual elements in an array. Perforations create different effective dielectric permittivity and make the fabrication of the arrays feasible. The array is made from one piece of material; and inserting air holes with defined diameters and spacing in the required position. The perforations result in lowering the effective dielectric constant for the substrate at the region of air holes. The finite-integration technique, FIT [20] is used to calculate the characteristics of the reflectarray nanoantenna.
In this paper, the radiation characteristics of perforated nanoantennas reflectarray are calculated. The paper is organized as follows. Section 2 describes basic material properties used in designing nanoantennas. Section 3 offers the complete description of the design of nanoantenna reflectarray unit cell and its designing parameters. Finally, in Section 3 conclusions are drawn.
THEORY
Generally, the reflectarray transforms the spherical wave emanating from the feed into a plane wave at the output, like conventional parabolic reflector antenna. The array is located in the x-y plane and is illuminated by a feed nano-horn. A required phase distribution, ϕ i (x i , y i ), at each element of the array is needed to collimate a beam in the (θ o , ϕ o ) direction and is determined by
where k o is the propagation constant in vacuum, d i is the distance from the feed nanohorn (x f , y f , z f ) to the element i of the array and (x i , y i ) are the coordinates of the cell element i. The phase shift of each cell element in the reflectarray should between 0 and 360 • . The use of metallic nanostructures made of Silver and/or Gold may become promising. The light illumination of such metals at appropriate wavelength may cause fascinating unusual electromagnetic effects [21] leading to promising applications for optical telecommunication, integrated optics and optical sensors. Most of these effects appears due to an excitation of Surface Plasmon Polariton (SPP) resonances. Due to high losses at optical frequencies, the assumption of perfect electrical conductor is no longer valid. The dielectric function of material substrate, used in nanoantennas, have been derived by fitting a Drude model given by [18] 
where ω is the angular resonance frequency of the antenna, ν p is the angular scattering frequency, and ω p is the electron plasma angular frequency for bulk material at the operating wavelength λ. It can be seen that as the metal conductivity decreases, the losses will increase. In this paper, the desired phase shift compensation required at each unit cell element is obtained by changing the effective permittivity of the Gold substrate through the variation of the diameters of the holes according to the theory of perforated dielectric material [22] .
NUMERICAL RESULTS

The Unit-cell
The detailed construction of the proposed perforated nanoantenna reflectarray unit cell element is shown in Fig. 1 . The antenna was designed to operate at 735 THz. The proposed square unit cell has length L = 600 nm, height h = 70 nm, with four identical circular holes of equal radii, and perforation depth d = 35 nm. The unit cell is constructed from Silver substrate with its material properties are introduced using the Drude model. The Silver angular scattering frequency ν p is (4.35 × 10 12 rad/sec) and the electron plasma angular frequency ω p is (1.3665 × 10 16 rad/sec) at the operating wavelength of λ = 408 nm.
To calculate the required reflection coefficient phase compensation in each unit cell, the unit cell is placed in a waveguide simulator [5] . The perfect electric and magnetic wall boundary conditions are applied to the sides of the surrounding waveguide, and result in image planes on all sides of the unit cell to represent an infinite array approximation. A linearly polarized plane wave was used as the excitation of the unit cells inside the waveguide simulator and only normal incidence angle was considered. There are several limitations to the infinite array approach. First, all elements of the reflectarray are identical; this is clearly not the case in the real reflectarray in which the diameters of the holes in each cell element must vary according to the required phase compensation. Secondly , the reflectarray itself is not infinite in extent. The separation between the holes and the number of holes are optimized to maximize the reflection from the structure as shown in Fig. 2(a) . The variation of the reflection coefficient phase versus the Hole radius (nm) Reflection phase (degrees)
one hole two holes three holes four holes hole radius for one, two, three and four holes at 735 THz is determined using the FIT technique and is shown in Fig. 2(b) . The unit cell having only one hole produce a phase shift ranging from 0 • to about 200 • , by increasing the number of the holes the reflection coefficient phase is increased. The unit cell having two holes achieves phase of 250 • , unit cell with three holes achieves 300 • , and finally the unit cell having four holes achieves 360 o reflection coefficient phase variation. The noticed variation of the reflection coefficient phase is due to the variation of the effective dielectric constant of the Silver material. Fig. 2(c) shows the variation of the magnitude of the reflection coefficient in dBs for unit cell with different number of perforated holes. The magnitude of the reflection coefficient of the unit cell having only one-hole changes from −1.9 dB to 0 dB. By increasing the number of holes in the unit cell, the magnitude of the reflection coefficient is increased. The unit cell having two holes achieves reflection coefficient magnitude variation from −1.3 dB to 0 dB, unit cell with three holes achieves reflection coefficient magnitude variation from −1 dB to 0 dB, and finally the unit cell having four holes achieves reflection coefficient magnitude variation from −0.2 dB to 0 dB.
Nano-horn Antenna
Different nano-horn antennas made from nano-materials operating at THz range are investigated in [23, 24] . A linearly polarized pyramidal nano-horn antenna is used to feed the perforated nanoantenna reflectarray. The nano-horn was positioned such that the array was prime-focus fed. The nano-horn antenna is constructed from Gold substrate with its material properties introduced using the Drude model. The Gold angular scattering frequency ν p is (1.2566 × 10 13 rad/sec) and the electron plasma angular frequency ω p is (1.2566× 10 16 rad/sec) at the operating wavelength of λ = 408 nm. The feed nano-horn was L h = 1080 nm long, with an aperture size b × a of 1700 nm × 850 nm as shown in Fig. 3(a) . The 3-D radiation pattern from the nano-horn antenna at 735 THz is shown in Fig. 3(b) . The nano-horn antenna has a gain of 11.7 dB at 735 THz. The radiation patterns for the pyramidal nano-horn antenna in E-plane and H-plane are shown in Fig. 4 at 735 THz. The first sidelobe levels (SLL) in the E-and H-planes are approximately −18.95 dB and −18.86 dB below the main peaks, respectively.
9 × 9 Nanoantenna Reflectarray
A schematic of the perforated nanoantenna reflectarray showing the feed is shown in Fig. 5 . 9 × 9 unit cell elements are used to construct the array. The element spacing between the unit cells is 600 nm. The reflectarray has total dimensions of 5400 × 5400 nm 2 located in the x-y plane. The perforated nanoantenna reflectarray is symmetrical about the x-axis and y-axis. The feeding horn is located at a distance F = 5400 nm (F/D = 1) in the normal direction of the array plane. Table 1 describes the phase shift and the corresponding hole radii relevant to the unit cells of the first quadrant of the array. The E and H-plane radiation patterns at 735 THz of the perforated nanoantenna reflectarray are shown in Fig. 6 . The first SLL is 10.34 dB and 8.9 dB in E-plane and H-plane respectively. The HPBW of the reflectarray is 4 degrees in E-plane and 5.7 degrees in H-plane. The 3-D radiation pattern of the reflectarray at f = 735 THz is shown in Fig. 7(a) . The perforated nanoantenna reflectarray has a gain of 20.5 dB at 735 THz. Most of the radiated field is reflected through the perforated nanoantenna reflectarray and the back lobe is due to the variation of the conductivity of the reflectarray material. The perforated nanoantenna reflectarray gain variation as a function of frequency is shown in Fig. 7(b) .
The gain is varied from 14.5 dB to 20.5 dB over the frequency range with 1 dB gain variations bandwidth (6.5 THz). Theoretical radiation patterns are shown in Fig. 8 at different frequencies to check the bandwidth of the array. At the extreme frequencies, the radiation patterns are similar, with some increase in sidelobe levels. A solid Silver sheet with the same dimensions of the proposed 9 × 9 perforated nanoantenna reflectarray (5400×5400 nm 2 ) but with no holes is shown in Fig. 9 . The solid array is fed with the same nano-horn antenna placed at a distance F = D as that in Fig. 5 . The radiation patterns from the solid sheet from Silver material (with no holes) with the same size of the nanoantenna reflectarray are shown in Fig. 10 . The gain of the solid Silver sheet is almost a copy of the gain of the horn except that the side lobes are a little stronger. This is because the solid Silver sheet has a finite size. It is quite likely that the side lobes are Airy features (diffraction limit) since the calculated area of the sheet is only about 12 wavelengths in size. The nano-horn antenna in front of the solid sheet blocks a part of the reflected beam and reduce the main beam. The gain variation versus frequency of the solid sheet is illustrated in Gain (dBi) Figure 11 . The gain variation versus frequency for a solid Silver sheet. Fig. 11 . Due to the lack of phase compensation in the solid surface, the gain is much less than the free space horn antenna gain. In the solid surface, there is no transformation of the spherical wave into a plane wave.
CONCLUSION
In this paper, a design of perforated nanoantenna reflectarray is investigated. A perforated Silver material is used to construct the array unit cell. The number of the perforation holes is optimized in order to obtain reflection coefficient phase variation from 0 • to 360 • with maximum reflection magnitude (∼ 1). The radiation characteristics of linearly polarized pyramidal nano-horn antenna are investigated. The nano-horn antenna has a gain of 11.7 dB at 735 THz. The first side lobe levels (SLL) in the E-and H-planes are approximately −18.95 dB and −18.86 dB below the main peaks respectively. Using the proposed unit cell a 9 × 9 perforated nanoantenna reflectarray is designed. The first SLL is 10.34 dB and 8.9 dB in E-plane and H-plane respectively. The HPBW of the reflectarray is 4 degrees in E-plane and 5.7 degrees in H-plane. The gain is varied from 14.5 dB to 20.5 dB over the frequency range with 1 dB gain variations bandwidth (6.5 THz). A comparison between solid Silver sheet and a perforated nanoantenna reflectarray shows that the variation of the perforation hole radius better compensate the phase of the spherical wave to be transformed into a plane wave and thus improves the reflectarray gain.
